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SUMMARY 

Results  are  presented from a study of m e a n s  fo r   ra t iona l iz ing   the  
design  loads of airplanes  based on mission  requirements. It i s  indicated 
that  the  load  experience may be broken down into  specific  mission  opera- 
t ions and  nonmission operations. A tentative  standard  probability  curve 
for  nonmission operations i s  presented, and the   poss ib i l i t i es  of calcu- 
lating  the  load  experience  in  missions are indicated. The two types of 
curves  are  then combined t o  form the resultant load-history  curve  for 
the  airplane.  

INTRODUCTION 

The NACA has  been making a study of means for   ra t iona l iz ing   the  
design  loads of airplanes based on mission  requirements. The study, 
which u t i l i z e s   s t a t i s t i c a l  methods, i s  i n  i t s  in i t i a l   s t ages   bu t  it is  
believed  that  some of the  preliminary  ideas may be of some in t e re s t  a t  
this time. 

This  study  has  been  based on the premise t h a t  an airplane  should be 
designed for  the  mission  or  missions  for which it is  t o  be used. Con- 
ceivably, in   the   fu ture  it may be desirable   to   design  for  more spec i f ic  
missions which w i l l  be governed by the  range  of  the  detection  apparatus, 
the armament, and the type of  directing  devices. It may then be found 
necessary t o  do something a l i t t l e   d i f f e r e n t  from in   t he   pas t .  

O f  course, a l l  s t a t i s t i c a l  measurements which are used must, of 
necessity, be  based on operational  airplanes which  by some standards 
are obsolete when they become operational. The airplanes  for  which 
s t a t i s t i c a l  data are  now available are a l l  subsonic or low-supersonic 
airplanes which are reasonably  stable  airplanes. The results f o r  air- 
planes  with  serious  stabil i ty  deficiencies  could be considerably  dif- 
fe ren t  i f  they were flown operationally  with  such  stability  deficiencies. 
In  the  following  discussion,  therefore, it w i l l  be assumed that the sta- 
b i l i ty   def ic ienc ies  w i l l  have been  corrected or  the airplanes re s t r i c t ed  
such,that  they w i l l  be able t o  perform their  design  mission  without 
encountering  any  uncontrollable  motions. 



2 

SYMBOIS 

NACA RM L’J5E13a 

M 

n 

z 
t 

ti 

Mach  number 

load  fact   or 

service limit load  factor 

flight time  (on  the  average) t o  exceed  given  value of n 

time t o  exceed  given  value  of n in   par t icular   operat ion 

time t o  exceed n = 1 i n  maneuvers, - 1 

NO/T 

T 

T i  

d 

average number of  major load-factor peaks per hour of 
f l i g h t  time 

t o t a l   f l i g h t  time 

f l i g h t  time  spent in   par t icular   operat ion 

root-mean-square  value  of  load-factor ra t io   (n  - 1) nL /( - 9 
DISCUSSION 

Airplane Uses 

Table I lists some o f . t h e  missions and operations  for which a 
fighter-type  airplane might  be  used. I n  the group above the double l i ne  
are the  missions  for which the  airplane might be designed, and in   t he  
group below the double l i ne  are other  operations  for which the  airplane 
w i l l  be used but which may be  of secondary  importance t o  the missions. 
Several  missions  or  uses  are  indicated  in  the first two columns, and of 
course  there  are  other  missions tha t  could be added t o  the list.  In  the 
th i rd  column are  l isted  percentages of t he   t o t a l   f l i gh t  time which might 
be spent i n  each activi-ty. For each of these  uses of the  airplane, there 
would be an associated  probability  function  such  as shown i n  the fourth 
column. I n  t h i s  column, probability  functions  for  the  airplane  uses  are 
indicated as average f l i g h t  time  required  to exceed a given  load  factor. 
The probability  curves  for %he par t  of the table above the double l i n e  
are   dictated by the  mission  requirements, whereas the probability  curves 
for   the lower par t  of the table   or  nonmission operations  appear  to’ depend 
mostly on t h e   p i l o t ’ s   a b i l i t y   t o  observe a placard  load-factor  restric- 
t ion.  These component curves  are  then combined according to   t he  - 
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percentage of f l i g h t  time  spent i n  missions  or in   other   operat ions  to  
obtain a resultant  probability  curve. 

Probability Curves for  Specific  Mission 

It appears  that  the  probability  curves  for  the  individual  missions 
may be ca lcu la ted   in  some cases. The f i r s t  work of this   type was done 
by Brsnn of the SAAB of Sweden. In   f igure  1 a simple  mission i s  ind i -  
cated  for which probability  curves have  been calculated.   In  this  case,  
it is  assumed that a Mach  number 2 pi loted  interceptor  is t o   i n t e r c e p t  
a Mach  number 1 bomber which i s  approaching  the  target a t  an a l t i t u d e  
of 60,000 feet. The  bomber i s  detected by ground radar   s ta t ions.  Prob- 
abil i ty  curves  are  then  calculated  or  estimated  for  the  various  phases 
of the  mission such as  the  take-off,  climb,  cruise,  turn on to   t he  tar- 
get ,   a t tack,  breakaway,  and landing. The poss ib i l i t i e s  of  a miss on the 
f irst  at tack and subsequent  at tacks  are  also  included  in  the  calculations 
although  not  indicated  in  this  f igure.  The turn  on to   t he   t a rge t  i s  
assumed t o  be directed from the ground control   s ta t ions.  The probabi l i ty  
func t ion   for   th i s   tu rn  is r e l a t e d   t o   t h e   a b i l i t y  and probabi l i ty  of the 
ground radar   ins ta l la t ion   to   d i rec t   the   in te rceptor   to   the  optimum posi-  
t ion   for   a t tack .  

The method of calculating  the  probabili ty  functions  for a simplified 
version of the  attack phase of the  mission i s  indicated  in   f igure 2. A t  
the  beginning of the  a t tack phase the  interceptor  i s  a t   the   pos i t ion  
shown in   the   f igure .  The lines  denoting  various  loads  (or  load  factors) 
represent  possible  locations of the bomber a t   t h e  beginning of the  attack. 
For example, i f  the bomber were located anywhere along  the  line  labeled 2g 
a t   t he  beginning of the  attack,  the  interceptor would have t o  make a t  
l e a s t  a 2g tu rn   fo r  a successful  interception; if the bomber  were located 
anywhere along  the  line  labeled 4g, the  interceptor  would have t o  make a t  
l ea s t  a 4g turn ,  and so for th .  The dashed-line  circle  represents  the 
interceptor 's   in i t ia l   a i rborne  radar   range,  which i n   t h i s   c a s e  was assumed 
t o  be 20 miles. The concentric  solid-line  circles  are  l ines of constant 
probabili ty which a re  a function of t he   ab i l i t y  of the ground cont ro l   to  
posi t ion the interceptor   in   the optimum loca t ion   for  a successful  at tack. 
For  example, the bomber w i l l  be located  within  the area enclosed by the 
circle   labeled 10% i n  10 percent of the  cases,  the bomber w i l l  be located 
within  the  area  enclosed by the  c i rc le   labeled 50% i n  50 percent of the 
cases, and so for th .  The probabi l i ty  of the  interceptor  exceeding a 
given  load  factor is then  determined by the volume of the  probabili ty 
d is t r ibu t ion   fa l l ing   ou ts ide  of a given  load-factor  line. O f  course, 
t h i s  is a simplified  version of the  a t tack phase  of the  mission,  but it 
i s  presented i n  order   to   i l lus t ra te   the   use  of the  mission  concept t o  
determine  the  loads which  might  be  imposed. It i s  not  intended t o  be  an 
actual  interception problem. 

The probabi l i ty  curve  obtained i n  this manner i s  shown i n   f i g u r e  3 .  
The probabi l i ty  curve for   the   a t tack  phase is shown as the  average  f l ight 
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time  required t o  exceed a given  load  factor. The probabili ty curves f o r  
the other  phases of the mission are also  calculated  or estimated. A f e w  
of these  are shown, such as the  take-off,   turn on t o   t a r g e t ,  and the  gust 
expectancy. These individual  probability  curves are then combined t o  form 
the  total   mission  probabili ty curve which i s  shown as the heavy l ine .  

Probability Curves for Nonmission Uses 

For the  other  uses of the  airplane  such as shown i n  the lower pa r t  
of table  I, it has been  indicated from experience  with  present-day air- 
planes that the maneuver load  experience  other than the  specialized mis- 
sion may be  approximated by.one  probability  function which is proportional 
to   the  a i rplane  service limit load  factor. . (See refs. 1 and 2. ) This is 
shown in   f i gu re  4. 

In   f igure  4, the r a t i o  of the time t o  exceed a given  load  factor 
t o  the time t o  exceed l g   i n  maneuvers i s  sham plot ted  against   the   ra t io  
of incremental  load  factor  to  incremental  service limit load  factor. The 
t i m e  t o  exceed l g   i n  maneuvers, 'to, i s  determined by plot t ing t 
against [(n - l ) / (nL - 1)12 and extrapolating  l inearly back t o  zero. 

The data sham represent  about 20,000 hours of t o t a l   f l i g h t  time i n  
t ra ining and combat. It may be seen that, although  there is considerable 
scat ter ,   the  data may be  represented by one l i n e  and the curve shown 
appears t o  f i t  the data for  airplanes w i t h  limit load  factors as low as 
2.8 and as high as 7.5 at load  factors up to   the  service limit load 
factor.  

It is  indicated that this tentative  standard  curve may be represented 
by an  equation of the  type shown i n  figure 4. It can  be sham from sta- 
t i s t i ca l   t heo ry  that such  an  equation  representsthe  distribution of the 
larger peak load  factors i f  it could be assumed that the maneuvering load 
factors  were of a random nature and symmetrical  about l g .  It may be 
noted that the  load-distribution  curve is determined  only by the 
term No/T and the term a; No/T represents  the  average number of  major 
load-factor peaks per hour  and u represents  the root-mean-square value 
of the  load-factor  ratio. For present  operational U. S. Air Force f ighters  
i n   t r a i n i n g  and i n  combat, the value of No/T varies between 10 and 25 
peaks per hour  and the value of u is about 0.284. O f  course,  individual 
maneuvers are  not of a random nature; however, when many maneuvers are 
considered  together it appears that they may approach the concept of a 
random process. 
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Selection of L i m i t  Load Factor 
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If, now, it is assumed that  the  mission  probability  curve  can be 
calculated and that  the  probabili ty  curve  for  other  airplane  operations 
can be given as shown i n   f i g u r e  4, the two types of probability  curves 
may be combined t o  form the  resultant  curve. If it i s  assumed, f o r  
example, that   the   a i rplane w i l l  spend 20 percent of i t s  f l i g h t  time i n  
the  specialized  high-altitude  interception  mission  described  previously 
and 80 percent of i t s  f l i g h t  time i n  other  operational uses, the  l i m i t  
load  factor  could be se l ec t ed   i n   t he  mitnner ind ica ted   in  figure 5 .  

On the l e f t  side of f igure 5 i s  shown the  probabili ty  curve  for 
the  specialized  high-alt i tude  interception  mission  in terms of f l i g h t  
time  required t o  exceed a given  load  factor. On the  upper r igh t   s ide  
of figure 5 ,  the  standard maneuver curve for  the  other  operational  uses 
i s  shuwn as a function of l imit   load  factor .  The curve shown i s  given 
f o r  an assumed value  of  the  average number of load-factor  peaks  per hour 
which may be estimated on the basis of past  experience. 

By assigning  various  values of the limit load  factor   to   the upper 
curve, a series of probability  curves are obtained as shown a t  the bottom 
on the  r ight   s ide of f igure 5 .  A t  this   point   the  l i m i t  load  factor   to  
se lec t  i s  not known; however, it is  known that the  airplane  with  the 
longest l i f e  a t   t h e   l e a s t  expense i n  weight i s  wanted. Therefore, i f  
the  mission  curve i s  combined with  each  of  the  curves  representing d i f -  
fe ren t  limit load  factors on the basis of 20 percent of t he   f l i gh t  time 
spent  performing  the  mission and 80 percent  spent  in nonmission  opera- 
t ions,  a se r i e s  of resultant  probability  curves, one f o r  each  limit  load 
selected, would be obtained. The f l i g h t  time required t o  exceed the  limit 
load  factor  for  each of the  resultant  curves would vary for   the  different  
cases. 

In   f igure  6 the standard (or nonmission)  curve  based on limit load 
fac tor  has been combined with  the  mission  curve i n   t h e  manner indicated 
above. Each bar represents an airplane having a given  l imit   load  factor 
and capable of performing  the  high-altitude  interception  mission  previously 
mentioned. The height  of  each  bar  represents  the  flight time requi red   to  
exceed the   par t icu lar  limit load  factor  for  each  case. For example, the 
height  of  the  bar  labeled 2g represents  the time t o  exceed 2g and the 
height of the  bar  labeled  8g  represents  the time t o  exceed  8g,  both  of 
which are designed  for  the  high-altitude  mission  previously  discussed. 

From figure 6 the limit load  factor   for   the most suitable  high- 
a l t i tude  interceptor  may be selected. The a i rp lane   to  select f o r   t h e  
mission,  therefore, would be the one which has the  longest time t o  reach 
limit load  factor  but a t  the lowest prac t ica l  limit load  factor .   In  
this  hypothetical   case,  it would appear t ha t  an airplane  with a l imi t  
load  factor of 4g would be suff ic ient   s ince it can be seen that l i t t l e  
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is gained i n   t h e  time to  reach  the limit load  factor  by select ing a 
higher  strength  airplane. It might be added that i f  the percentage of 
f l i g h t  time spent   in  the mission was as  low as 1 percent  or  even 0.1 per- 
cent,  approximately  the same limit load  factor would be se lec ted   for  this 
case. 

A t  this time it should be pointed  out   that   these  resul ts  do not 
indicate that every  high-altitude  interceptor  should be a kg airplane.  
The r e su l t s  shown here are a r e s u l t  of the  particular  conditions assumed 
f o r  the  simplified  mission. The results  obtained  in  other  cases  could 
be d i f fe ren t  from those shown here, depending  on the radar ranges,  speed 
r a t io s ,  and a l t i t udes  chosen. 

If, on the other hand, the  airplane were t o  be designed  for  both 
high-  and  low-altitude  missions,  the results could  be  considerably 
different .  For example, t he   r i gh t  side of f igure 6 indicates  the results 
f o r  a case where 20 percent of the a i rp lane   f l igh t  t i m e  was spent i n   p e r -  
forming  the  high-altitude  interception, 1 percent   in  a d i f fe ren t  low- 
alt i tude  interception  such  as dive-bombing,  and 79 percent  in  other  oper- 
a t ions.   In  this case,  the  high-altitude-mission  probability  curve,  the 
low-altitude  probability  curve, and the  standard  curve  are combined as 
before. It may be seen  for  this particular  case that the low-altitude 
mission  dictated the design limit load  factor even  though the airplane 
was assumed t o  be used i n  this mission  only 1 percent.of  the  time,  and it 
is indicated that an 8g airplane would be selected as the airplane which 
would have a long time to  reach  l imit   load  factor  a t  the  lowest  practical  
limit load  factor.  Low-altitude  missions would not  always  affect the 
results i n  this manner, however, for it is possible that the  pyobability 
functions  for some low-altitude  missions might not  involve the proba- 
b i l i t y  of  high  load  factors,  as was the   case   in  this i l l u s t r a t i o n .  

Determination of Resultant  Probability Curve 

After  selecti-ng the limit load  factor  on this basis, the  time-to- 
exceed  curves for  the  mission  are combined with  the  standard  time-to- 
exceed  curve f o r  the  a i rplane  selected  ( in  this case it would be a 
kg airplane)   to  form the  resultant  curve, shown i n  figure 7. On the 
l e f t   s i d e  of the  figure  the  probability  curve  for the high-altitude mis- 
s ion i s  shown w i t h  the  standard  curve  for a kg airplane.  These curves  are 
then combined according to  the  percentages O f  f l i g h t  time spent  in  each 
a c t i v i t y   t o  form the  resul tant  curve which is  shown on the   r igh t   s ide  of 
figure 7. The peak a t  the lower load  factors is caused by gusts. 

Although the   poss ib i l i t i es  of calculating  probabili ty  curves  for 
specific  missions and the combination of these  specific  probabili ty  curves 
with more general  curves  to  predict  the  overall  load  experience have been 
mentioned only i n  regard  to  positive  symmetrical w i n g  loads,   there  exists 
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the   possibi l i ty  of extending  the  reasoning  to  other  loads  such  as nega- 
t i ve  wing loads and horizontal- and vertical-tail   loads,   al though more 
factors  w i l l  enter   into  the problem  and tend  to  complicate  the  situation. 

Effect of Inadvertent Maneuvers  on  Loads 

Although the  tentative  standard curve ( f i g .  4)  appears t o  be  adequate 
up to   t he  l i m i t  load  factor,  it i s  not  valid a t  load  factors  considerably 
greater  than  the limit, because  inadvertent maneuvers may l ead   t o  much 
greater  loads  than  could be obtained from a simple s t a t i s t i ca l   ex t r apo la -  
t i on  of data obtained a t  lower load  factors.  An indication of the   e f fec t  
of inadvertent maneuvers i s  shown i n  figure 8. The left-hand  side of the 
figure  indicates  the  frequency of occurrence  of  load-factor  peaks  for 
about 10,000 hours of fighter-type  airplane  operations. The so l id   l i ne  
represents  the  ordinary  distribution of load  factors.  For example, there 
are 10,000 load-factor  peaks a t  kg, about 1,000 peaks a t  5g,  and SO for th .  
The inadvertency  distributions  are  probably  distributions  such as those 
designated A or B which must be superimposed on the  ordinary  distribution. 
It may be noted  that   the  ordinate i s  a logarithmic  scale so  tha t   the  mag- 
nitudes of the peaks  of  curves A and B are  greatly  magnified. These inad- 
vertent  load  factors  are  caused by such  things as airplanes  trying t o  
avoid  obstacles,   failures  in  control  systems, and other emergency  maneu- 
vers. They may also be  caused by airplane  instabi l i ty  such as  pitch-up 
or  the more recently  encountered  lateral   instabil i ty.  

The probability  or  time-to-exceed  curves  based on these  frequency 
dis t r ibut ions are shown  on the  right-hand  side of f igure 8. The so l id  
curve  represents  the  average  flight t i m e  required  to  exceed a given  load 
factor   for   the  ordinary  dis t r ibut ion and the dashed  curves  represent  the 
values  with  the  inadvertency  distributions  included. 

In   the  past  it is  indicated  that  the  inadvertency  distributions were 
of the type indicated by the le t ter  B. In  other words, when an emergency 
or  inadvertency  occurred it usua l ly   resu l ted   in  a very  large  load and 
affected  the  results  mostly a t  load  factors  greater  than  the limit load 
factor .  Curves such as these have been obtained  since World W a r  11; how- 
ever,  the  accuracy  of  these  curves a t  high  load  factors i s  very  poor, 
first, because  of the  very f e w  points  obtained  in  the number of  hours of 
f l i g h t  time usually  available, and  second  because the  records are ra re ly  
obtained from the  airplanes which are destroyed  because  of  the  high  loads 
obtained. 

If, however, airplanes are t o  be flown operationally  with  such  poor 
s t ab i l i t y   cha rac t e r i s t f c s  as have recently been  encountered,  an  inadver- 
tency  distribution  such as curve A might  be  obtained. I n  this case it is 
possible  that   the  inadvertency  distribution w i l l  a f fec t   the   resu l tan t  
d i s t r ibu t ion  a t  lower  load  factors as well as high  load  factors  such as 
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indicated on the   r i gh t   s ide  of figure 8. If t h i s  i s  the  case, the ten ta-  
tive  standard  curve  obtained from present  operational  airplanes would not 
be correct  unless the  inadvertency  distribution  could be added t o  it. 

For example, i f  the  type A inadvertency  distribution were  added t o  
the high-altitude  interception  mission which was presented  previously, 
a higher  strength  airplane would probably have t o  be selected  instead 
of the 4g airplane,  whereas the  type B inadvertency  distribution may not 
greatly  affect   the  choice of the l i m i t  load  factor.  It would, of course, 
a f fec t   the  shape  of the resultant  curve a t  high  load  factors. 

CONCLUDING REMARKS 

It is' r ea l i zed   t ha t   i n  a l l  the  preceding  discussion many questions 
st i l l  e x i s t  and w i l l  have t o  be dea l t  w i t h  by e i ther   ana ly t ica l   s tud ies  
or  the  analysis of s t a t i s t i c a l  data. For example, there  are questions 
as t o   t h e   v a l i d i t y  and accuracy of the  calculations of probabili ty  func- 
t i ons   fo r  a  given  mission. Such calculations  could  probably be made f o r  
many missions; however, f o r  some missions, the probabili ty  function may 
require  correlation with previous  experience. O n e  of the major  que.stions 
concerns  the  determination of the  percentage of f l i g h t  time spent i n   p e r -  
forming  each  mission. This could be of  importance i f  a large  percentage 
of t he   f l i gh t  time is spent i n  many specific  missions. 

Also there  are  questions  concerning  the use of a universal standazd 
curve  based on limit load   fac tors   for  all the  other  airplane  uses. It 
is believed  that ,  on the basis of present knowledge, such a curve may be 
adequate up t o   t h e  limit load  factor.  This curve,  of  course, w i l l  have 
t o  be revised  gradually as the  a i rplane  character is t ics  change i n   f u t u r e  
years. One of the important  questions  concerning this curve is the 
determination of the  average number of load-factor  peaks  per  hour. This 
number var ies   for   d i f fe ren t  airplane types and uses and  must be  estimated 
from s t a t i s t i c a l  data on past   a i rplanes.  

From the   resu l t s  of this study,  the  concept  of  stipulating  the 
design loads on the basis of mission  requirements  appears t o  be  feasible;  
however, s t a t i s t i c a l  data w i l l  be  needed in   es tabl ishing  the  effect   of  
missions on the  load  experience and the amount of time spent  in  each 
ac t iv i ty .  

The work  on this approach t o  the problem  of design  loads at the 
NACA is, as mentioned before, i n  a beginning  stage, and the   resu l t s  
that have been shown here have  been presented  to  indicate a f e w  of the 
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poss ib i l i t i es  of us ing   s ta t i s t ica l  methods for  correlation  with  design 
load  requirements. 
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TABU I - AIRPLANE UTILIZATION 

Figure 1.- Schematic drawing of high-altitude  interception  mission. 
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Figure 2.- Method of calculat ing  probabi l i ty   curve  for   a t tack phase of 
high-altitude  interception  mission. 
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GUST 
TURN ON TOTAL 

lo4 
- 103 

- TARGET MISSION 

TIME TO IO2 
EXCEED, 

- 

HR IO - 

I -  

IO" 

10-2- 

- 

L I  I I I I I I I 
2 3 4 5 7 a 6 

NORMAL  LOAD  FACTOR, n 

.- Probability  curves f o r  various phases of high-altitude 
interception  mission. 
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Figure 4.- Load experience for  present  operational  airplanes.  
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Figure 3 . -  Probability  curves  for  high-altitude  interception  mission and 
nonmission  operations. 
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Figure 6.- Variation of time-to-exceed l M t  load factor with lhit load 
fact or. 
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Figure 7.- Combination of mission and  nonmission  load-experience  curves 
to form resultant  load-experience curve. 



14 

- .  

NACA RM L35E13a 

I06 - DISTRIBUTION 104- 

""-;}INADVERTENT 103 - 

102 - 

LIMIT 
- ORDINARY 

FREQ. 
OF 

OCCUR. 

TIME 
TO - 

HR 
EXCEED, lo 

I02 -/ I -  / 

10-1 - 

I 10-2 - 
0 4 8 12 16 0 4 8 12 16 

NORMAL LOAD FACTOR, n 

Figure 8.- Effect of inadvertent maneuvers on loads. 
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